) donors and to determine if there were any radiological differences between spines from nonobese and obese donors using MR imaging. methodS A total of 168 intact L4-5 spinal segments (87 males and 81 females) were tested using pure-moment loading, simulating flexion-extension, lateral bending, and axial rotation. Axial compression tests were performed on 38 of the specimens. Sex, age, and BMI were analyzed with biomechanical parameters using 1-way ANOVA, Pearson correlation, and multiple regression analyses. MR images were obtained in 12 specimens (8 from obese and 4 from nonobese donors) using a 3-T MR scanner. reSultS The segments from the obese male group allowed significantly greater range of motion (ROM) than those from the nonobese male group during axial rotation (p = 0.018), while there was no difference between segments from obese and nonobese females (p = 0.687). There were no differences in ROM between spines from obese and nonobese donors during flexion-extension or lateral bending for either sex. In the nonobese population, the ROM during axial rotation was significantly greater for females than for males (p = 0.009). There was no significant difference between sexes in the obese population (p = 0.892). Axial compressive stiffness was significantly greater for the obese than the nonobese population for both the female-only group and the entire study group (p < 0.01); however, the difference was nonsignificant in the male population (p = 0.304). Correlation analysis confirmed a significant negative correlation between BMI and resistance to deformation during axial compression in the female group (R = −0.65, p = 0.004), with no relationship in the male group (R = 0.03, p = 0.9). There was also a significant negative correlation between ROM during flexion-extension and BMI for the female group (R = −0.38, p = 0.001), with no relationship for the male group (R = 0.06, p = 0.58). Qualitative analysis using MR imaging indicated greater facet degeneration and a greater incidence of disc herniations in the obese group than in the control group. coNcluSioNS Based on flexibility and compression tests, lumbar spinal segments from obese versus nonobese donors seem to behave differently, biomechanically, during axial rotation and compression. The differences are more pronounced in women. MR imaging suggests that these differences may be due to greater facet degeneration and an increased amount of disc herniation in the spines from obese individuals.
WHO estimated that one-tenth of the world's adult population (4.7 billion, United Nations) were obese, further detailing that at least 2.8 million adults die each year as a result of comorbid conditions related to being overweight or obese. In addition, 44% of the diabetes burden, 23% of the ischemic heart disease burden, and between 7% and 41% of certain cancer burdens are attributable to being overweight or obese.
Increased BMI is a major risk factor for diseases such as musculoskeletal disorders, especially lumbar spine degenerative disc disease, which is the second highest cause of employment-related absences in the developed world, generating a massive economical world impact with no foreseen decline. Paradoxically, the role of obesity in degenerative lumbar disc disease is still considered controversial, and few studies to date have examined the possible relationship between the two, even though lumbar disc degeneration is the main cause of low-back pain. Research conducted over the past decade has led to a dramatic shift in the understanding of disc degeneration and its etiology. Previously, it was thought that heavy physical loading was the main risk factor, 3 but recent research indicates that heredity plays the dominant role in disc degeneration. 1, 2, 9, 13, 14, 32 A high association between obesity and disc degeneration has been reported in both the juvenile and adult populations. 30, 31 Furthermore, it has been shown that spines from obese patients have a significantly greater prevalence of facet joint osteoarthritis. 15 Despite this link between degeneration and obesity, little is known about the relationship between obesity and spine biomechanics. The relationship between disc degeneration and spinal range of motion (ROM) has been studied both in living patients 4 and in vitro, 11, 16, 17, 24, 26, 34 with most of these investigators reporting donor ages and sex, and some reporting bone mineral density (BMD). 26 However, no previous investigators conducting in vitro studies have considered BMI as a possible factor affecting spine biomechanics. Thus, studies on the direct or indirect association between obesity and spine biomechanics are needed to further understand how obesity affects low-back pain.
The effect of overload in the lumbar motion segment has not yet been well defined. Theoretically, by Wolff's Law, lumbar motion segments from overweight individuals should have very good bone quality because bone under compression usually adapts and strengthens. 10 However, the body may respond to overloading by inducing calcification or by stiffening the ligaments and disc area to impart bending stability to the motion segment.
The goal with this study was to determine if there are any biomechanical differences between cadaveric lumbar spine specimens from nonobese and obese donors. A second goal was to study the radiological differences between spines from these 2 groups using MR imaging.
methods
Over a period of several years, our laboratory gathered data on the biomechanical flexibility of uninstrumented spines as a regular component of numerous other studies. For all of these studies, we tested the intact conditions of the spines before we tested them with various types of instrumentation. A total of 168 fresh frozen human cadaveric lumbar spine segments including L4-5 were obtained from local tissue banks. The donor histories were reviewed and parameters including age, sex, height, and weight of the donor at the time of death were documented for each case. There were 81 female and 87 male donors with a mean age of 53.1 ± 12.1 years. The specimens were carefully cleaned of muscle tissue, while all ligaments, joint capsules, and discs were kept intact. Dual-energy x-ray absorptiometry scans were obtained of the L-4 vertebra of each specimen to assess BMD. Plain film radiographs were taken, and histories were reviewed to ensure that no specimens had any of the following conditions: obvious flaws, metastatic disease, osteophytes, disc narrowing, or joint arthrosis.
To perform the biomechanical test, the sacrum was reinforced with household wood screws embedded in a block of fast-curing resin (Smooth-Cast 300Q, SmoothOn, Inc.), and attached to the base of the testing apparatus. The L-3 vertebra was also reinforced with household screws and embedded in resin in a cylindrical metal fixture for load application (Fig. 1) .
The biomechanical characteristics of all specimens were determined in their native condition. An apparatus was used in which a system of cables and pulleys imparted nondestructive, nonconstraining torques in conjunction with a standard servohydraulic test system. 6 With puremoment loading, the same load is distributed to each level of the spine, ensuring an equivalent comparison among all levels and among all specimens regardless of the distance from the point of loading. 27 Maximum loads of 7.5 Nm were applied in the appropriate anatomical axes to induce bending or twisting in each plane of motion: flexion and extension, left and right lateral bending, and left and right axial rotation. In each loading direction, 3 preconditioning cycles were applied at 7.5 Nm for 60 seconds each, after which the specimen was allowed to rest at zero load for 60 seconds. During the data-collection cycle, loads were applied quasi-statically in 1.5-Nm increments, with each incremental load held for 45 seconds to a maximum of 7.5 Nm.
After pure-moment flexibility testing, vertical compression was applied to 38 of the specimens (24 obese and 14 nonobese) using the piston on the servohydraulic apparatus. In each case, the specimen was placed on the loading frame below the piston and was moved anteroposteriorly and laterally to a position that eliminated the majority of rotational motion and allowed primarily vertical translation. A spherical end was used to apply load against the flat upper potting fixture of the specimen to ensure nonconstraining loading. An axial compression of 300 N was applied to the specimen quasi-statically in 50-N increments (45 seconds at each load).
Three-dimensional specimen motion in response to the applied loads during pure-moment and compression tests was determined using the Optotrak 3020 system (Northern Digital). This system measures stereophotogrammetrically the 3D displacement of infrared-emitting markers rigidly attached in a noncollinear arrangement to each vertebra on the ends of 4-cm surgical guidewires.
Custom software converted the marker coordinates to angles about each of the anatomical axes in terms of the motion segment's own coordinate system. 7 Spinal angles were calculated using a technique that provides appropriate results for describing 3D spinal motion. 8 Translation was measured bilaterally as motion relative to L-5 of virtual landmarks located at the inferior surfaces of the left and right L-4 pedicle, where the nerve roots would exit.
From the raw load and displacement data, the mean angular ROM was quantified. For compressive testing, the mean interpedicular distance (L4-5) was quantified at 0 N and 300 N.
MR images were obtained using a 3-T MR scanner (Philips) in our hospital's MR imaging research facility. Twelve cadaveric lumbar spine specimens (8 from obese and 4 from nonobese donors) were scanned using spine surface coils. The cadaveric spines were placed prone, and surfactants were added to the water to decrease bubbles and reduce artifact. Four lumbar spine specimens were suspended in a water bath for each scanning session for a total of 3 scan sessions and a total scan and processing time of approximately 6 hours.
Four series of images were obtained for each cadaveric spine. Sagittal T2-weighted, sagittal T1-weighted, sagittal T2-weighted inversion recovery, and axial T2-weighted MR images were analyzed by a neuroradiologist, and each cadaveric spine was evaluated for degenerative changes at the L3-4, L4-5, and L5-S disc levels. Specimens were graded for intervertebral disc degenerative changes at all lumbar levels according to the Pfirrmann classification system. 28 Specimens were also graded for facet degeneration bilaterally using the Weishaupt classification system. 36 The mean values of the ROM and vertical displacement at 300-N axial compressive loading from obese (BMI ≥ 30) and nonobese (BMI < 30) groups for all specimens and for male or female subgroups were compared using 1-way ANOVA, followed by Holm-Šídák tests. Relationships between parameters were further analyzed using Pearson correlation tests. Multiple regression analysis was also performed to determine the relative importance of donor characteristics (sex, age, BMI, and BMD) in predicting the biomechanical behavior at L4-5 (mobility and axial compressive stiffness). Parameters from the radiological observations were analyzed using the Mann-Whitney rank test. Probability values < 0.05 were considered significant.
results
BMI data were available for 154 of the 168 specimens. Considering the entire study group (n = 168), there were no statistically significant differences between all male and all female groups in terms of age or BMD (Table 1 , p > 0.2). For those with known BMI, the mean BMI in the female group (n = 72) was significantly greater than that in the male group (n = 82) ( Table 1 , p = 0.005). Further subdivision of groups into BMI < 30 (52 males and 30 females) and BMI ≥ 30 (30 males and 42 females) did not result in any significant differences in mean age, BMD, or BMI between male and female groups in either BMI category (Table 1 , p > 0.1). In the nonobese group (BMI < 30, n = 82), 16 (20%) were from donors who were underweight (BMI < 18.5) at the time of death, 36 (44%) were normal weight (BMI 18.5-24.9), and 30 (37%) were overweight (BMI 25.0-29.9). Table 2 presents the summary results for vertical displacement and ROM for all subgroups, and Table 3 summarizes the 1-way ANOVA results for subgroup comparisons. The mean vertical displacement at 300-N axial compression was significantly less for the obese population and the obese female group compared with the nonobese population and nonobese females, respectively (Fig.  2 , p < 0.01). Considering only the male population, the difference between obese and nonobese males was nonsignificant (p = 0.304). Vertical displacement during axial compression tests (0-300 N) was 0.731 ± 0.221 mm for the obese donor group and 1.097 ± 0.570 mm for the nonobese group (p = 0.008).
Based on the mean ROM, there were no significant differences among subgroups in terms of flexibility during flexion-extension or lateral bending (Fig. 3 , p > 0.13), with the exception that the ROM during lateral bending was significantly less (p = 0.045) for all males than for all females (9.8° ± 2.6° vs 10.6° ± 2.6°). However, during axial rotation, a significant difference was noted between the segments from obese males and nonobese males (p = 0.018), with segments from nonobese males (4.1° ± 1.9°) being less mobile than those from obese males (5.2° ± 2.3°). There was no difference between segments from obese females and nonobese females during axial rotation (p = 0.687) or segments from all obese versus all nonobese donors (p = 0.061). Considering the nonobese population, the ROM during axial rotation was significantly greater for the female group (5.4° ± 2.3°) versus the male group (4.1° ± 1.9°) (Fig. 3 , p = 0.009). The difference between the male and female groups among the obese population was not significant (p = 0.892) during axial rotation but was statistically significant (p = 0.017) when all females (5.3° ± 2.0°) were compared with all males (4.5° ± 2.1°). Table 4 presents the results of correlation analyses between BMI and vertical displacement and ROM. Correlation analyses showed that there was a significant relationship between BMI and resistance to compression during axial loading in the female population, with a tendency for the vertical displacement during loading to decrease with increased BMI (Fig. 4 , R = −0.65, p = 0.004), i.e., specimens from obese female donors were stiffer than those from the nonobese group during axial compression. There was no such relationship in the male population (Fig. 4 , R = 0.03, p = 0.9). Similarly, there were significant correlations between the range of motion and BMI in the nonobese female population (Table 4) during flexion-extension (R = −0.45, p = 0.011) and lateral bending (R = −0.37, p = 0.045), with mobility decreasing with increasing BMI. In contrast to 1-way ANOVA, which showed that there was a significant difference in the ROM during axial rota- tion between the obese and nonobese male groups ( Fig. 3 and Table 3 ; p = 0.018), there were no significant correlations between BMI and ROM during axial rotation in any groups (Table 4 ; R < 0.2, p > 0.1). Disregarding BMI, there were significant and positive correlations (R > 0.49, p < 0.02) between vertical displacement during axial compression and ROM in all groups and in all directions of movement (flexion-extension, lateral bending, and axial rotation), i.e., the spine segments were less stiff during axial compression with increasing ROM. The most positive relationship was seen during axial rotation ( Fig. 5 ; R = 0.7, p < 0.001).
Based on multiple linear regression analysis and using sex, age, BMD, and BMI as independent variables, all parameters except for BMI were significant in predicting some component of biomechanical behavior at L4-5 (Table 5 and Fig. 6 ). Mobility significantly increased with age, but only during axial rotation (p < 0.001; Fig. 7 and Table  5 ). Sex also predicted axial rotation mobility (p = 0.008; Table 5 ) with spines in the nonobese male group having significantly less flexibility than those from the nonobese female group during axial rotation ( Fig. 3 and Tables 2  and 3 ). Also, based on multiple regression analysis, BMD was an important parameter in predicting axial compressive stiffness and mobility during flexion-extension (Table  5 , p < 0.01).
Radiological analysis by a neuroradiologist showed that all 12 (100%) disc levels from the nonobese group (n = 4 spinal segments) had no or mild disc degenerative changes. Seventeen of the 22 disc levels (77%) in the obese group (n = 8 spinal segments) had no or mild degenerative changes, and 5 of the 22 levels (23%) had moderate to severe degenerative disc disease (Fig. 8) . Thus, the specimens from the nonobese group showed less disc degeneration than those from obese donors, but the difference was not statistically significant (p = 0.09).
Based on the Weishaupt classification system, 36 the mean grade representing facet degenerative changes in the normal group was 0.08 compared with 1.05 in the obese group (p = 0.002). There were no bony reactive changes in the vertebral endplates in the normal group (0% in 12 motion segments), and there were endplate changes in 2 of 22 motion segments (9%) in the obese group (p = 0.22). Analysis of the MR images revealed zero disc herniations at 12 levels (0%) in the normal weight group, compared with 5 disc herniations at 22 levels (23%) in the obese group (p = 0.09).
discussion
From the 154 donors with known BMI at the time of death, 47% of the spines in this study were from donors considered to be obese, 19% were overweight, 23% were normal weight, and 10% were underweight. According to recent NHANES (National Health and Nutrition Examination Survey) data, 36% of the US adult population is considered obese, 33% overweight, 29% normal, and 2% underweight. 25 The different distribution in our study population is most likely due to the advanced mean age of the donors versus the mean age of US adults. In the current study, and considering the entire study group (males and females and the entire range of BMI), there was no correlation between resistance to compression (i.e., axial stiffness) and age (range 18-73 years, with mean of 53.1 ± 12.1 years) (R = 0.187, p = 0.261). Upon separation into subgroups, we found that segments were stiffer in the obese versus nonobese groups in the female-only and femaleplus-male subgroups, but not the male-only subgroup. This finding is in contrast to what has been reported by Stemper el al., 33 who studied the biomechanical properties of human thoracic spine disc segments and reported a trend for greater stiffness in specimens from male donors. Sex differences related to spine biomechanics are well documented. 12 , p < 0.001), estimating that the mechanical stress within the vertebral body to be 30%-40% higher in women than men for equivalent loads. They noted that bone densities did not differ by sex. In 2000, Marras et al. 22 studied the effects of psychosocial stress on lumbar spine loading in young subjects (19-31 years) using electromyography, and reported that women's anteroposterior shear forces increased in response to stress, while men's decreased. In 2003, and again using electromyography, Marras et al. 23 reported sex influences during complex lifting in the workplace. They concluded that muscle coactivity differences combined with unequal body masses account for the spine-loading sex differences, and that women are not just proportionally scaled down versions of men. Women relied more on hip motion and used more extensor muscle activity than men.
Using spines from a skeletal collection including 39 females and 37 males, Zukowski et al. studied the influence of sex, age, and BMI on the degeneration of the lumbar spine. 39 They found that osteophyte severity in the lumbar spine increased with age for both sexes and severity increased with BMI for females, but not for males; they concluded that this is evidence for different sex biomechanical processes influencing osteophyte development.
As mentioned earlier, the donor specimens included in our study were screened for spine disease and deformity, including severe osteophytes and degenerative disc disease. Therefore, the information we are reporting regarding BMI and its effect on biomechanics represents trends for a population not including those with obvious developed advanced spine disease. Also, the BMI data are based on the donor weights at the time of death. We do not know how long the donors were obese (or not obese) prior to the time of death, or whether there were any substantial weight fluctuations just before death. An additional limitation is that we do not have records of whether the donors were symptomatic. An interesting study would be to see how obesity affects disc degeneration and spinal instability over time. However, such a study would necessitate historic donor BMI data, which were not available for the current study.
Using a comparatively large group of specimens (203 spine segments from 111 donors, age 19-99 years, 45 female, 61 male, and 5 with unknown sex), Kettler et al. 16 looked at the influence of disc degeneration on the lumbar spine stability using flexibility data (7.5-Nm pure-moment multidirectional loading) and radiographs. Using a grading scale for disc degeneration related to height loss, osteophytes, and sclerosis, combined with ROM, they concluded that early stages of intervertebral disc degeneration do not cause spinal instability, but increased disc degeneration leads to decreased ROM during flexion-extension and lateral bending, and increased ROM during axial rotation (as seen in our study). In addition to Kettler and colleagues' large study, the effects of disc degeneration on biomechanics in terms of ROM in the lumbar spine has been the focus of a number of other in vitro studies. 11, 17, 24, 26, 34 An increasing amount of ROM during axial rotation with an increased degree of degeneration has been reported in at least 4 other studies, 16, 17, 24, 26 while a decreased amount of ROM during lateral bending has been reported in 3, 16, 24, 26 and a decreased ROM during flexion-extension in 2. 16, 24 Although most of these studies include reported donor ages and some data analyzed according to sex 11 and BMD, 26 none have included BMI as a possible contributing factor affecting the ROM in the lumbar spine. Our data suggest that obesity does affect spine mobility, but only during axial rotation (Fig. 3) . Possible reasons for the different biomechanical behaviors during axial rotation versus lateral bending and flexion-extension have been hypothesized by Kettler et al. 16 as being 3-fold. First of all, degenerative discs have been shown to have fissures and delaminations 17 that cause the disc to not be able to resist shear loads as effectively as healthy discs. During flexion-extension and lateral bending, the loads are mostly compressive and tensile, and a disc with fissures and de-laminations is assumed to be less affected by these during compression and tension. Second, the facet joints are assumed to restrict axial rotation depending on their align- ment. With increased degenerative kyphosis, restriction to movement lessens during axial rotation and thus instability increases. The last mentioned possible reason is that stability during axial rotation may be affected by degenerative loss of cartilage in the facet joints. Oxland et al. 26 looked at the effects of BMD on intervertebral disc degeneration in the lumbar spine using spinal flexibility and reported that BMD in moderately degenerated discs was significantly lower than at other levels of disc degeneration. Furthermore, there was a negative association between BMD and ROM during lateral bending and flexion-extension, but no relationship during axial rotation. This is supported by the findings in our study, where we showed that BMD was a significant factor in predicting ROM during flexion-extension (p = 0.007) and marginal during lateral bending (p = 0.06), but not during axial rotation (p = 0.825). In our study, we found that there was a marginally significant correlation between BMD and BMI in the female group (R = 0.23, p = 0.055), but no correlation in the male group (R = −0.04, p = 0.666).
There are only a few in vivo studies focusing on spine degeneration and the effects on spine biomechanics. Bible et al. 4 quantified lumbar spinal segmental ROM in living subjects using flexion-extension radiographs of 258 patients (137 females and 121 males, 18-92 years). They looked at segmental ROM and degeneration in terms of the Kellgren score, and found a significant negative association between age and ROM during flexion-extension. In comparison, in our in vitro study, the relationship between age and ROM was only significant during axial rotation, and the association was positive (Fig. 7) . Bible et al. 4 also reported that BMI had a significant negative association with ROM during flexion-extension. This is similar to what we found in our in vitro study, but only in the female group (Fig. 6) .
Although the association between obesity and lumbar disc degeneration, and therefore low-back pain, has been studied, [18] [19] [20] a clear relationship has yet to be defined. One theory is that excessive mechanical loading caused by heavy weight disrupts the disc structures and precipitates a cascade of cell-mediated responses, leading to further disruption.
1 Surprisingly, no other previous in vitro study has focused on the biomechanical behavior of the intact lumbar disc in terms of degeneration and the relationship to mobility during flexibility loading, and considering the response to axial compressive loads. Based on our findings, obesity seems to affect both flexibility and compressive stiffness, with significant sex differences.
Obese and morbidly obese patients have multiple comorbidities. The spinal surgeon should be prepared to encounter perioperative complexities. In addition, the rate of postoperative complications is high in these patients.
35
Obesity is the main preventable risk factor for large joint osteoarthritis, 29 and it has been proven that obesity greatly increases ground reaction forces during walking by applying more stress on the large joints.
5 Facet joint degeneration has been described as contributing to persistent or chronic low-back pain. It may account for 15%-45% of low-back pain, with facet joint-mediated pain being a common occurrence in obese patients. 21 Because it has been reported that increased levels of BMI (> 25) increases the risk of lumbar disc degeneration, 20 we did a comparative radiological analysis between spinal segments from obese and nonobese donors. Our most important finding was that the obese donor group exhibited a significantly greater degree of facet degeneration compared with the nonobese group. This result may be related to the larger compressive axial loads that the facets in obese patients are subjected to. A previous study has shown a tendency for obese patients to have disc herniations. 20 In our study, we found a trend for specimens in the obese donor group to have more disc herniations than in the nonobese group. However, the difference was not statistically significant, perhaps because the sample was not large enough. Further radiological studies, including better control of the length of time of obesity, are needed.
conclusions
Based on flexibility and compression tests, lumbar spinal segments from obese versus nonobese donors seem to behave differently, biomechanically, during axial rotation and compression, with coinciding sex differences. Radiological analysis showed that there was a significantly greater amount of facet degeneration and a trend for an increased amount of disc herniations in the spines from the obese group.
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